To investigate the non-covalent interaction between cyclodextrins (CD) and lithium ion, a stoichiometry of α-CD, β-CD, heptakis(2,6-di-O-methyl)-β-CD (DM-β-CD), or heptakis(2,3,6-tri-O-methyl)-β-CD (TM-β-CD) was mixed with lithium salt, respectively, and then incubated at room temperature for 10 min to reach the equilibrium. In positive mode, the electrospray ionization mass spectrometry (ESI-MS) results demonstrated that lithium ion can conjugate to α-, β-, DM-β-or TM-β-CD and form 1:1 stoichiometric non-covalent complexes. The binding of the complexes was further confirmed by collisioninduced dissociation. The dissociation constants K d1 of four complexes (Li+α-CD, Li+β-CD, Li+DM-β-CD, and Li+TM-β-CD) were determined by mass spectrometric titration. The results showed K d1 were 18.7, 26.7, 33.6, 30.5 µmol/L for the complexes of Li + with α-CD, β-CD, DM-β-CD, and TM-β-CD, respectively. K d1 for the Li + complexes of β-CD is smaller than that of DM-β-CD due to its steric effect of the partial substituted -CH 3 . The K d1 for the Li + complexes of DM-β-CD is nearly in agreement with that of TM-β-CD, indicating Li + is more likely to locate in the small rim of DM-β-CD's hydrophobic cavity. The DFT results showed through electrostatic interaction, one Li + can strongly conjugate to four neighboring oxygen atoms. For the (α-CD+Li) + complex, one Li + may also situate the small rim of α-CD's hydrophobic cavity to form a non-specific host-guest complex.
I. INTRODUCTION
The study of the non-covalent interaction of alkali metal cations with biomacromolecules such as protein, peptide and oligosaccharide in gas phase received considerable attention during the past few years due to the importance of such systems in several fields [1−3] . For example, metal cation complexation of peptides can induce important activation effects, which, under mass spectrometry, leads to specific fragmentations that can provide structural information of the amino acid sequence of peptides [4] . The gas-phase study of the metal cation-oligosaccharide complexes helps us understand their intrinsic properties such as the coordination interactions that take place between the metal cation and the oligosaccharide without solvent [5−7] .
Cyclodextrins (CDs), composed of α-1,4-coupled Dglucose unit [8] , are extensively used for molecular recognition by forming specific non-covalent complexes with the guest molecules, which include polar and * Author to whom correspondence should be addressed. Email: chuyq@fudan.edu.cn, Tel.: +86-21-65105204, FAX: +86- non-polar compounds. These complexes are particularly useful in modeling biological relevant events such as ion transport processes, drug delivery, antibodyantigen association, and enzyme catalysis. The most commonly used CDs subtypes are α-CD, β-CD, and γ-CD, which consist of 6, 7, and 8 D-glucose units, respectively.
DM-β-CD (heptakis(2,6-di-O-methyl)-β-cyclodextrin) and TM-β-CD (heptakis(2,3,6-tri-Omethyl)-β-CD) are composed of 7 D-glucose units in which the 2,6-di-OH or 2,3,6-tri-OH of glucose unit have been methylated. Compared to β-CD, they can exhibit the steric effect due to the methylation.
Over the decades, by virtue of its unrivaled speed, sensitivity, and low sample consumption, mass spectrometry has become a powerful tool to probe the noncovalent interactions between metal ions and biomacromolecules [9] . For instance, Cancilla et al. studied the coordination of alkali metals to oligosaccharides using MALDI-Fourier transform mass spectrometry [10] , the correlation was found between fragment ions and degree of branching for oligosaccharides.
It is emphasized that identification of the binding site between cyclodextrins and lithium cations by the ESI-MS is still a challenge [11−13] . Whether the lithium ion can situate in the rim of the hydrophobic cavity of cyclodextrins remains controversial. More evidences are needed to provide structural information about the complex of cyclodextrins and lithium cations.
Quantum chemical calculations [14−16] allow us to reveal the cationization site and the molecule structure of each complex observed in mass spectrometry experiments. Moreover, the theoretical calculations [17] can provide the accurate determination of some relevant magnitudes, such as enthalpies or complexation energies. For instance, lithium cation complexes with serine and threonine were studied by Ye et al. [18] , they found the reaction exhibited a variety of decomposition pathways, quantum chemical calculations at the B3LYP/6-311+G(d,p) level were used to elucidate the reaction mechanisms.
So far, several studies related to the non-covalent action between alkali metal ions and cyclodextrins have been reported [19, 20] . For instance, through competition experiments, Reale et al. proposed that the size of the β-cyclodextrin ring in relation to the cationic radium drove the formation of an inclusion complex, and the glycosidic oxygen atoms in the cyclodextrin core might be responsible for the coordinating linkages [20] . However, the cyclodextrins are fairly flexible and the cavities are much too large to provide a good fit to Li + , it is likely that the Li + -CD complexes are non-specific complexes with multiple isomers which arise from electrostatic binding of the Li + to the polarizable cyclodextrins, that is, the binding sites between them should be in the rim of cyclodextrin's cavity, but not inside the cavity. DM-β-CD and TM-β-CD are partially and full methylated β-CD respectively, they have different steric effect on the guest Li + ion. Comparing the binding strengths of β-CD and methylated β-CD can give the valuable structural information.
In this work, we have successfully investigated the non-covalent interactions between cyclodextrins and aryl alkanol piperazine derivatives using ESI-MS [21] . We employed mass spectrometry to investigate the noncovalent interactions between cyclodextrins and lithium cations, and binding sites and binding strengths of the complex due to that the steric effect were explored. The binding sites between α-CD and lithium cations were also studied by quantum chemical calculations.
II. EXPERIMENTS
A. Materials
2) were purchased from Sigma (St. Louis, MO,USA). LiCl was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Cyclodextrins and LiCl were dissolved in deionized water in 1 and 10 mmol/L respectively. The acetonitrile was HPLC grade from Merck (Darmstadt, Germany). To investigate the noncovalent interaction between cyclodextrin (host) and lithium ion (guest), a stoichiometry of α-, β-, DM-β-, TM-β-CD with LiCl were mixed respectively, and then incubated at room temperature for 10 min to reach the equilibrium.
B. Mass spectrometry
A triple-quadrupole mass spectrometer (API 3000, Applied Biosystem, MDS Sciex, Canada, m/z=3000) equipped with electrospray ionization (ESI) source was used to generate charged ions by spraying the sample solution at the rate of 5 µL/min. The spray tip potential was operated at 4.5 kV. The mass scale of the spectrometer was calibrated with polypropylene glycol (PPG). The ESI-MS experiments were operated in a positive mode. Nitrogen (99.999%) was used as nebulizer and curtain gas.
All collision-induced dissociation (CID) experiments were also performed at the Finnigan LCQ ion trap mass spectrometer (Thermo Finnigan, USA, m/z=2000). The ion collision energy refers to the normalized values. The relative collision energy 27% was performed for the dissociation of the parent complex ions. The ion activation Q was 0.250, the activation time was 30 ms, and the isolation width was 3.0 (m/z). The Helium (99.999%) was used as collision gas.
C. Procedure
For mass spectral measurements, a series of samples with the constant concentration of Li + and different concentrations of α-, β-, DM-β-or TM-β-CD were mixed and then diluted with acetonitrile and water. All the solvent composition is 70%CH 3 CN aqueous solution, 0.1%HCOOH (volumetric ratio). The initial concentrations of Li + is 0.1 mmol/L. After mixing evenly, the mixture was then incubated at 25
• C for 10 min to bring to the state of equilibrium.
D. Theoretical calculations
The binding sites of Li + in α-CD was investigated by combining the classical force field molecular dynamics simulation and the density functional theory (DFT) method. The molecular dynamic (MD) calculation was carried out using the compass force field [22] at the NVT ensemble with an Anderson's thermostat [23] . The time step utilized is 1.0 fs and the total simulation time was 10.0 ps to reach the equilibrium. From the MD trajectories, a number of low energy structures were optimized and the energetics of these thus-obtained minimum structures were further investigated by DFT calculations. All DFT calculations were carried out by the SIESTA package [24] with a numerical atomic basis set [25] and Troullier-Martins normconserving pseudopotentials [26] . The exchange correlation functional used was GGA-PBE [27] , and the optimized double-ζ plus (DZP) polarization basis set was employed. The cutoff for the real space grid was set as 150 Ry. The L-BFGS method [28] was utilized for geometry optimization until the maximal force on each relaxed atom was less than 0.1 eV/Å. In the DFT calculations, the solvation effect of the molecules has been considered by using the recently-developed periodic continuum solvation model based modified-Poisson-Boltzmann equation [29, 30] . The implicit solvation model can take into account for the long-range electrostatic interaction due to solvation, which is essential due to the large solvation energy of Li-involved cations.
To validate the accuracy of our solvation model for treating Li cation systems, we have first evaluated the solvation energy of a lithium ion, as described by the formula:
which is the free energy change for transferring a Li cation from the gas phase to the aqueous phase. Here we utilize four water molecules as the first solvation shell and the rest of the water molecules were treated by the implicit solvation model. The entropy term of a gas phase Li cation (translation entropy) is −0.35 eV at 298 K according to the standard thermodynamics equation. After computing the DFT total energy change and correcting the zero-point-energy and the entropy loss of the gas phase Li cation, we found the free energy change at 298 K was 5.44 eV, which agreed reasonably with the previous calculations [31] and experimental values [32] in the reference.
III. RESULTS AND DISCUSSION
A. The ESI mass spectra for the complexes of α-, β-, DM-β-, or TM-β-cyclodextrin with lithium cation
The ESI-MS spectra for the complexes of lithium ions with cyclodextrins including α-CD, β-CD, DM-β-CD or TM-β-CD are shown in Fig.1 . As shown in Fig.1 
(a), (α-CD+H)
+ is observed from the mass spectra (m/z=973.6). The peak m/z=979.6 represents the (α-CD+Li) + ion, which suggests the formation of a stoichiometric ratio (1:1) non-covalent complex of α-CD with Li + . The commercial DM-β-CD reagent is heterogeneous, i.e., it contains several permethylated homologues of DM-β-CD, which means the spectra also show ions separated by 14 Da. In Fig.1 (b)−(d) , the relatively strong peak (m/z=1140.9, 1337.9, 1435.9) can be attributed to non-covalent complex of (β-CD+Li)
From the insets of Fig.1 , it is observed that the complex formed by α-CD with Li + is singly charged ions. Moreover, β-, DM-β-, or TM-β-CD can also form mono-valence com- plexes (CD+Li) + in 70% CH 3 CN aqueous solution. It should be noted that in Fig.1 , the relative abundance of ion peak for complexes such as (α-CD+Li)
+ is slightly higher than that of α-CD. Gabelica et al. used to investigate the influence of response factors on determining association constants of complex of α-CD with α, ω-dicarboxylic acids by ESI-MS [11] . They found that the complex had a much higher signal than the free α-CD, and proposed such complex had a non-inclusion geometry. According to our experimental results, it is inferred that the Li + probably bind on the rims to form the non-specific complexes.
In Fig.2 , it can be seen no peak for other reaction product can be detected except the peak of (α-CD+Li) + (m/z=979.9). Meanwhile, it is observed when different molar ratio of the reactants are mixed together, the stoichiometric ratio of resulting product is fixed at 1:1. Alternatively, changing the initial molar ratios of the reactants does not affect the stoichiometric ratio of final product. Based on this, it can be inferred that the reaction product is not the cluster formed by ions or molecules, but the non-covalent complex. As we know, α-, or β-cyclodextrins (CDs) are natural cyclic oligosaccharides composed of six and seven D-glucopyranose residues. Because the cyclodextrins are fairly flexible and the cavities should be much too large to provide a good fit to Li + , it is expected that the observed complexes are non-specific complexes with multiple isomers which arise from electrostatic binding of the Li + to the polarizable cyclodextrins. The formation process of the complex can be simplified as follows: Fig.3(a) ). Similarly, for the precursor ion (β-CD+Li) + (m/z=1141.26), the fragment ions at m/z=979.20, 817.21, 655.15, 493.15 were attributed to (β-CD+Li−n glucose) + (n=1, 2, 3, 4), respectively ( Fig.3(b) ). For the precursor ion of (TM-β-CD+Li) + (m/z=1436.26), the fragment ions at m/z=620.15, 823.87, 1028.12 were attributed to (TM-β-CD+Li−n methylated glucose units) + (n=2, 3, 4), respectively ( Fig.3(c) ). Based on the results of CID, it is inferred that Li + has reacted with the cyclodextrins and formed the non-covalent complexes.
C. Determination of K d for non-covalent complexes by mass spectrometric titration
In ESI-MS measurements, some important factors such as ionization efficiency and signal suppression can strongly influence the accuracy of the binding constants of complexes [11−13] . The ion peaks occurring in the ESI-MS spectra may differ from the situation in the original sample solution concerning ionic structure as well as ion abundance. Before mass spectrometric titration, we have quantitatively evaluated the interactions between α-, β-, DM-β-CD or TM-β-CD.
Considering the influence of ionization efficiency, three assumptions [21] can be made in the ESI-MS measurement of binding constants. The three assumptions are: (i) no change happens when the mixture is transferred from the solution phase to the gas phase and no dissociation reaction occurs in the complexes; (ii) the measured peak intensities of free reagents and the complexes are directly proportional to their equilibrium concentrations in the solution; and (iii) all the reagents and complexes in the solution share similar ionization efficiency.
One may argue it is likely that the CD complexes of Li + may not have the same ionization efficiency as bare metal ion Li + . To avoid the discrepancy arising from ionization efficiency of Li + , an equation was applied to calculate dissociation constants K d of complexes [22] .
In Eq. (2) Tables I−IV. The calculating results show that the R.S.D. (relative standard deviation) of four 1:1 complexes are 5.7%, 6.2%, 5.9%, and 8.7% for (α-CD+Li) + , (β-CD+Li) + , (DM-β-CD+Li) + , and (TM-β-CD+Li) + , respectively. These values are acceptable, which implies the equation we use to calculate K d in this work is credible. Additionally, the yields of the 1:1 complexes can be obtained from a 1 in Tables I−IV ; the average yields of four 1:1 complexes are 59.7%, 62.9%, 50.0% and 59.8% for (α-CD+Li) + , (β-CD+Li) + , (DM-β-CD+Li) + and (TM-β-CD+Li) + , respectively.
In Tables I−II , it can be seen K d1 of (β-CD+Li) More flexibility in the host CD should mean it is easier to optimally arrange the guest Li + , which will lead to stronger binding enthalpy. The dissociation constants K d1 for the Li + complexes of β-CD (26.7 µmol/L) is smaller than that of DM-β-CD (33.6 µmol/L, in Table III ), the main reason may be the steric effect of the substituting -CH 3 group prevents Li + from approaching to DM-β-CD. The Li + may locate in the small or large rim of DM-β-CD.
As previously reported, the ionic radius for Li + is (74 pm), the diameters of small rim of α-and β-CD are about 450 and 610 pm, respectively. According to the sizes, it is expected that the cavity of α-and β-CD is large enough to accommodate the Li + cation. The K d1 for the complex of (Li+TM-β-CD) Table IV ) determined by mass spectrometric titration estimated to be 33.6 µmol/L, which was in nearly agreement with K d1 of the complex (Li+DM-β-CD) Table III ). It suggests that although more hydrogen of OH was substituted by -CH 3 in the large rim of β-CD, the substituting -CH 3 group did not affect the binding of Li + to TM-β-CD. Combined the results of Tables II−IV, it is inferred that Li + cation is more likely to locate in the small rim of DM-β-CD's hydrophobic cavity.
D. Theoretical results
To better understand the binding of Li + cations in the CD, we have calculated the Born-Haber thermodynamics cycle from the separated gas phase Li cations and α-CD to the α-CD-Li complex in aqueous solution, as shown in Scheme 1. All the involved free energy change (defined in the Scheme 1) have been computed and the results for one, two (Li 2 ) and three (Li 3 ) Li cations interaction with α-CD are listed in Table V . The complex can be simplified in Scheme 1.
The most stable structures of the Li-containing α-CD complexes in gas phase from DFT are shown in Fig.4 . It is seen that for the (α-CD+Li)
+ and (α-CD+2Li)
2+
complexes, the Li cations coordinate with four oxygen atoms of α-CD, but the coordination number of Li decreases to three in the (α-CD+3Li) 3+ . For (α-CD+Li)
+ , and (α-CD+2Li) 2+ , one or two Li + cations locate in the small rim of hydrophobic cavity, where the Li + cations can achieve better binding with four neighboring oxygen atoms without much perturbing the original structure of α-CD. This is apparently due to the fact that the cationic radius of Li + is small and the typical Li−O bond distance is below 2.4Å [34] . On the other hand, for the (α-CD+3Li) 3+ , two of the cations locate at the large rim, while the other one is at the small rim. The structure of α-CD has been seriously distorted in the presence of three Li + cations. From Table V , we can see that with the increase of the Li + cation numbers, the Gibbs energy change of solvation (∆ sol G) decreases, indicating the strong repulsion between the Li + cations inside the α-CD. According to the DFT results and Boltzmann law, it can be derived that at room temperature, the maximum coordination number of Li interacting with α-CD in aqueous solu- tion is two. While the first Li + can bind with α-CD strongly (−0.81 eV), the stability of the second Li + in the α-CD (−0.40×2−(−0.81) eV) is almost equivalent to that being in the aqueous solution, indicating a reversible equilibrium can be achieved for the second Li + in α-CD. Actually, the experiment shows that the one lithium coordinated α-CD has a much higher intensity compared to Li 2 coordinated α-CD, and Li 3 complex which is not observed in the ESI-MS spectra in Fig.1 .
On going from the solution phase to the gas phase, the energetics becomes rather different. From the CID spectra, no signal of solitary lithium ion has been found, which indicates a strong binding energy of lithium ion with the α-CD molecule in the gas phase. The DFT results confirm this picture: a binding energy of 6.32 eV is found for a single lithium ion in α-CD. Compared to the dissociation energy for a typical C−O single bond (e.g. in alcohols and esters), i.e. about 90−100 kcal (4.0 eV to 4.4 eV) [33, 35] , the dissociation energy for (α-CD+Li)
+ to α-CD and Li + is obviously much higher. Therefore, we can expect there cleavage of the glycosidic bonds in α-CD happens well before the lithium ion dissociation, as suggested by the CID experimental data.
The bond distances between the lithium cations and oxygen atoms from α-CD are 3.424, 2.806, 1.722, 1.577Å. It is seen for the (α-CD+Li) + complex, the four coordination oxygen atoms were from one glycosidic bond and three primary OH, respectively. For the (α-CD+2Li) 2+ complex, one Li + cation coordinates with oxygen atoms from four primary OH, the other Li + cation coordinates with oxygen atoms from one glycosidic bond and three primary OH, respectively.
Previous works [8, 10] proposed only the complexes, in which the guest is inside the CD's cavity are called specific complex. The complexes, in which the guest locates outside or the rim of CD's cavity, are called nonspecific complex. Reale et al. proposed that the size of the β-cyclodextrin ring in relation with the cationic radium could drive the formation of an inclusion complex, that is, the Li + could situate inside the cavity of β-CD [20] . However, so far, no convincing evidences support this point of view. Actually, in solution the host-guest may be in equilibrium with host and guest, but there is no such equilibrium in the vacuum environment of mass spectrometer, the dissociation of the host and guest should be irreversible. For a host-guest complex, non-covalent interaction such as hydrogen bonding, electrostatic interactions, and hydrophobic interactions should be the main drive force. When analytes are transferred from solution to the gas phase, the host-guest interactions are competitive with solvation. Thus, electrostatic interactions are significantly strengthened, while hydrophobic interactions are weakened in gas phase. After desolvation, for the lithium cation, the electrostatic force should be responsible for its coordinating linkage with the oxygen atoms from the three primary OH and one glycosidic bond of cyclodextrin. That is, the binding sites may be in the rim of the cavity of cyclodextrin. One may argue one lithium cation may situates exterior the cyclodextrin core, however, according to the results in Ref. [17] , the fewer numbers of binding sites limited the formation of such complex. Therefore, we propose that the Li + -CD complexes are non-specific complexes with multiple isomers arising from electrostatic binding of the Li + to the polarizable cyclodextrins.
Combining the DFT results with ESI mass spectra mentioned above, it can be inferred that in gas phase, one or two lithium cations can situate the small rim of α-CD or DM-β-CD host to form a stabilized structure of host-guest complex.
IV. CONCLUSION
The gas phase non-covalent interaction of Li + with α-, β-, DM-β-CD or TM-β-CD was studied by ESI-MS and DFT. The ESI-MS experimental results demonstrated that lithium ion can conjugate to α-, β-, DM-β-or TM-β-CD and form 1:1 stoichiometric non-covalent complexes. The binding of the complexes was further confirmed by CID. The dissociation constants of four complexes (Li+α-CD, Li+β-CD, Li+DM-β-CD and Li+TM-β-CD) were determined by mass spectro-metric titration. The results showed the dissociation constants K d1 were 18.7, 26.7, 33.6, 30.5 µmol/L for the complexes of Li + with α-CD, β-CD, DM-β-CD and TM-β-CD, respectively. The dissociation constants K d1 for the Li + complexes of β-CD is smaller than that of DM-β-CD due to its steric effect of the substituting -CH 3 group. The K d1 for the Li + complexes of DM-β-CD is in nearly agreement with that of TM-β-CD, indicating Li + cation is more likely to locate in the small rim of DM-β-CD's hydrophobic cavity. The binding of Li + to α-CD was also investigated by DFT theory calculation, revealing that α-CD and lithium ions can form host-guest complexes in gas phase. For the (α-CD+Li) + complex, the four coordination oxygen atoms were from one glycosidic bond (C−O) and three primary OH, respectively. For the (α-CD+2Li) 2+ complex, one Li + cation coordinates with oxygen atoms from four primary OH, the other Li + cation coordinates with oxygen atoms from one glycosidic bond and three primary OH, respectively. For the (α-CD+3Li) 3+ , the structure of α-CD has been seriously distorted in the presence of three Li + cations, which implies such type of complex could not stable in the gas phase.
Based on our investigation, it is concluded through electrostatic interaction, one lithium ion may situate the small rim of α-CD or DM-β-CD host to form a non-specific host-guest complex. 
